Coalbed water injection is the most basic and effective dust-proof technology in the coal mining face. To understand the influence of coalbed water injection process parameters and coalbed characteristic parameters on coal wetting radius, this paper uses Fluent computational fluid dynamics software to systematically study the seepage process of coalbed water injection under different process parameters and coalbed characteristic parameters, calculation results of which are applied to engineering practice. e results show that the numerical simulation can help to predict the wetness range of coalbed water injection, and the results can provide guidance for the onsite design of coalbed water injection process parameters. e effect of dust reduction applied to onsite coalbed water injection is significant, with the average dust reduction rates during coal cutting and support moving being 67.85% and 46.07%, respectively, which effectively reduces the dust concentration on the working face and improves the working environment.
Introduction
Coal is the main energy source in China, accounting for about two-thirds of total primary energy consumption [1] [2] [3] [4] [5] . Plenty of environmental problems and natural disasters may occur during mining, i.e., roof fall, gas, fire, and dust pollution [6] [7] [8] [9] . In recent years, with the rapid development of coal mining technology and the wide application of highpower mining machines, the amount of dust produced in coal mining places increased sharply and the working environment has deteriorated, which seriously threaten the safety of mine production and the health of workers [10] [11] [12] [13] [14] . According to the actual measurement, at present, when dust control measures are not taken in coal mining face, the dust concentration can reach 3000 mg/m 3 [15] [16] [17] [18] . Even if the measures are taken, the working environment of most mining faces still very bad and the dust concentration in the working place of mining drivers can reach 400-900 mg/m 3 [19] [20] [21] [22] . According to the Statistical Report on Occupational Diseases issued by the National Health and Health Commission of China, a total of 23,497 new cases of occupational diseases were reported in 2018, in which 19,468 cases were pneumoconiosis, accounting for 82.85% of the total number of reports. In terms of industry distribution, the newly added cases of pneumoconiosis were mainly distributed in coal mining and nonferrous metal mining industries, of which coal mining industry accounts for about 40% of the total number of pneumoconiosis reports [23] [24] [25] .
At present, coalbed water injection, ventilation for dust control, dust control by using dust remover, dust-settling by spray, foam dedusting, and sealing dust isolation are mainly used in coal mining face at home and abroad [26] [27] [28] [29] [30] [31] [32] . It is widely believed in all coal-producing countries at home and abroad that coalbed water injection is the most basic and effective dust-proof technology in the mining face. e basic dust-proof mechanism of coal seam water infusion is to infuse water into the coalbed advance before mining to increase the moisture content and wettability of the coal body and reduce the amount of dust produced by the mining machine. As early as the 1960s, the mine supervision bureaus of German coal-producing states all expressly stipulated that the coal body must be infused with water before mining in the coal mining face, and the coalbed water injection equipment included a pneumatic pump, constant flow control valve, hydraulic expansion sealing device, etc. e Institute of Mining Mechanics of the Ukrainian Academy of Sciences of the USSR has developed the YHP-type water infusion pump which can automatically adjust the water injection parameters according to the permeability characteristics of the coalbed. France Coal Center has developed flow controller and continuous water injection device, which make coalbed water injection automated [33] .
China began to popularize the use of coalbed water injection dust-proof technology in the 1970s. Du from Chongqing Coal Science Research Institute analyzed the influence of the water injection system and pressurization way on the dust prevention effect of water injection in long drilled coalbed. Li et al. [34, 35] used the finite element numerical method to simulate the water injection process of thick coalbeds and qualitatively analyzed the dynamic relationship between process parameters such as water injection pressure, water injection time, borehole spacing, and wetness range. Zhao [36] and Cheng et al. [37, 38] proposed a variable-frequency pulsed water injection technology for low-permeability and high-hardness coalbeds which are difficult in water injection and achieved a satisfactory effect. Li et al. [39, 40] applied the MTS electrohydraulic servo rock test system to carry out a research on the permeability characteristics of deep coal and rock specimens under high pore water pressure. Based on a self-developed coalbed water injection experimental platform, Cheng et al. [41, 42] established a mathematical model of nonlinear seepage flow in the gassy coalbed water injection process and revealed water-injection dynamic characteristics of coalbeds. Xu et al. [43] applied COMSOL software to consider coal deformation parameters and obtain the law of coal stress and strain on the coalbed water injection effect. Qin et al. [44, 45] proposed an orthogonal design optimization method for water injection parameters of coalbed in accordance with the characteristics of dynamic changes in engineering geological factors of coalbed water injection. Yuan et al. [46, 47] established fisher discriminative model via fuzzy integral, which provided a scientific basis for the determination of the difficulty in coalbed water injection.
Based on the above research status, we can find that the great progress have been made in new technology for coalbed water injection, such as the variable-frequency pulsed water injection technology and the high-pressure water injection, and the relevant equipments were successfully developed. At the same time, the above research status shows that there are many qualitative researches on the relationship between coalbed water injection process parameters and wetting radius, with few corresponding quantitative studies. Moreover, the existing research on the impact of coalbed water injection parameters mainly focus on process parameters such as water injection time and water injection pressure, involving less coalbed characteristics and borehole diameters. Because of the above defects, onsite water injection parameter selection in engineering application often depends on empirical formulas or a large number of engineering tests, which leads to unsatisfied effect of coalbed water injection and dust reduction.
In view of the above disadvantages in coalbed water injection, in this paper, Fluent fluid mechanics calculation software is used to model the coalbed of 92103 working face in Chacheng Coal Mine of Xuzhou Coal Mining Group and simulate its seepage process of water injection. In addition, the influence of water injection process parameters such as water injection time, water injection pressure and borehole diameter, and coalbed characteristic parameters on wetting radius is explored, so as to provide a theoretical reference for the application of water injection and dust reduction engineering in coalbeds.
Establishment of the Physical and Mathematical Models
2.1. Physical Model. e geological data of 92103 working face in Chacheng Coal Mine of Xuzhou Coal Mining Group were collected and analyzed. On this basis, a three-dimensional seepage CFD model for porous media in waterinfused coalbeds was established. We select a rectangular parallelepiped of length × width × height � 12.5 m × 10.0 m × 1.2 m as the calculation area and one borehole with a length of 8.3 m and a diameter of 42-108 mm, and the coalbed inclination is 0°. Tet/Hybrid mixed tetrahedrons are used to mesh where the internal scale is set to 0.2, and the number of meshes is 1022477. e calculation model is shown in Figure 1 .
Control Equation

Continuity Equation.
During numerical calculation, the coal body is regarded as a porous medium region, and the water injection process of the coalbed is the fluid flow of water through the porous media, the continuity equation of which can be described as zρ zt
where ρ is the density of water, kg/m 3 ; t is the time, s; ] i is the velocity component of x, y, and z coordinate directions, m/s.
Momentum Equation of Porous Media.
Momentum equations for porous media have additional momentum source terms that can be expressed as z zt
where p is the water pressure in the coal body, Pa; f i is the component of the fluid body force of a unit mass in direction 2 Mathematical Problems in Engineering i, m·s − 2 ; τ ij is the fluid internal viscous force, kg·m·s − 2 ; and S i is an additional power source term in direction i and consists of two parts, viscous loss and internal loss. For each isotropic porous medium, the additional momentum source term S i can be expressed as
where μ is the viscous coefficient of the fluid, Pa·s; α is the permeability, m 2 ; C is the inertial resistance coefficient, m − 1 ; |υ|is the speed, m/s. e permeability α and inertial resistance coefficient C can be calculated according to the Blake-Kozeny equation [48] [49] [50] :
where D p is the average particle diameter, usually taking the value 0.011 m, and ε is the porosity of the porous medium.
Boundary Conditions and Parameter
Settings. e water injection borehole boundary is set as the pressure-inlet boundary, the inlet static pressure is 2-12 MPa, and the initial flow speed is 2.0 m/s; e boundaries around the coalbed are set as the pressure-outlet. e upper and lower boundaries of the coalbed are set as the wall. e interface between the borehole and the coalbed is set as the interior. e calculated coalbed body is set as porous media, and the porosity parameter of the coalbed is set as 0.04 to 0.12 according to calculation requirements. Viscosity resistance 1/α and inertial resistance C can be calculated according to equations (4) and (5), respectively. e results are shown in Table 1 .
Numerical Simulation Results and Analysis
Coalbed Water Injection Effect Index.
e effect of coalbed water injection is generally evaluated by moisture increment of the coal which is related to parameters such as water injection time, water injection pressure, porosity of the coal, and diameter of the borehole. During water injection of the coalbed, the calculation formula of the coal body specific storage rate shown in the seepage process from unsaturated to saturated can be expressed as [35] S � θρg
where S is the coal body specific storage rate Pa − 1 ; θ is the volumetric water content; α p is the compressibility coefficient of the porous medium skeleton, MPa − 1 ; p L is the water pressure in the coal body, MPa; and β is the elastic compressibility coefficient of water, MPa − 1 . e elastic compressibility coefficient of water β can be calculated by the following formula:
where β w is the compressibility coefficient of water under standard atmospheric pressure, which is taken as 4.5 × 10 − 4 MPa − 1 and p 0 is the standard atmospheric pressure, which is taken as 0.1 MPa. If the moisture content and the pressure head change rate are chosen to be constants and the moisture content change caused by the natural seepage, i.e., water absorption and diffusion, is ignored, then the moisture increment in the coalbed under pressure p will be
e moisture increment can be approximated as
where f is the moisture increment of the coalbed; ρ c is the density of the coal body; and α p is the compressibility coefficient of the pore skeleton of porous media coalbed, MPa − 1 . e value of α p is related to the overburden pressure, and according to the buried depth of the applied working face (900 m) and the average temperature (38°C), the skeleton compression coefficient α p is taken as 0.063 MPa − 1 . According to equations (7) and (9), water pressure of the coalbed corresponding to different moisture increments for various porosity coalbeds can be calculated, as shown in Table 2 .
Coalbed moisture increment of 1% is usually used as an indicator of the wetting radius. e Fluent simulation results are imported into Tecplot for postprocessing, and 7 levels of pressure isoline corresponding to moisture increment is set. When extracting the 3rd level and the moisture increment is 1%, the maximum distance in the x-direction will be the current wetting radius.
Effect of Water Injection Time on Wetting Radius.
e porosity and borehole diameter of the coalbed are set as 4% and 63 mm, respectively. Fluent software is used to simulate the water injection conditions of coalbed under three kinds of water supply pressure (2, 4, and 6 MPa), and the calculation continues for 40 hours to examine the influence of water injection time on the wetting radius and borehole water flow rate. e experimental results are shown in Table 3 . As illustrated from Table 3 , the wetting radius of the coalbed increases with time under the three water injection pressures, but the expansion of the wetting radius decreases rapidly after the water injection time reaches 10 h. It can also be seen from Table 1 that the wetting radius of the coalbed has not changed significantly at water injection time of 20 h and 40 h, which proves that the range of coalbed water injection will reach the limit after a certain time. As demonstrated in Table 3 , the borehole water flow rate continuously declines with the rise of water injection time. In the early stage of water injection, the original coalbed is with low moisture content and it is far from saturation with strong water absorption capability and high borehole water flow rate. e wetness range rapidly boosts with the increased duration of water injection. However, after the water injection time reaches 10 h, the coal specific storage tends to be saturated, the borehole water flow decreases significantly, and the increase of the wetting radius drops. As the water injection time continues to rise, the water in pores and fractures of the coalbed is basically saturated and the wetting radius does not augment significantly. Figure 2 shows the distribution of water pressure in the coalbed under different water injection time when the water supply pressure is 4.0 MPa. e water pressure distribution in Figure 2 can also reflect the same trend described above, i.e., the wetting radius increases with time, but the wetness range reaches its limit after a certain time. Considering that the longer the injection time is, the higher the energy consumption is, and that the improvement of the wetting effect of long-term continuous water injection is not obvious, it is suggested that the water injection time should be reasonably controlled in the actual water injection process based on the permeability of the coalbed, the diameter of the borehole, and the water injection pressure.
Effect of Water Supply Pressure on Wetting Radius.
While keeping the coal porosity (4%) and borehole diameter (63 mm) constant, the interaction between water injection pressure and wetting radius is investigated by changing the water injection pressure with water injection time of 10 h. e result is shown in Figure 3 . It is illustrated from Figure 3 (a) that the wetting radius of water injection in coalbed augments with the increase of water injection pressure, but the augmentation in wetting radius tends to decrease, and the wetting radius of 10 MPa is similar to that of 12 MPa. When the internal resistance of the coal body is constant, the borehole water flow will increase with the injection pressure, as shown in Figure 3(b) . Meanwhile, under the effect of high-pressure water flow, the internal cracks of the coal body expand and the coal specific storage increases, making the wetness range rise with the water injection pressure. In the field application of coal water injection, if the water injection pressure is too high, the fracture structure of the coal itself will be destroyed, which will affect the seepage and migration of the water flow of the coal, resulting in poor water injection effect. Considering that the higher the injection pressure, the higher the water injection equipment requirements and energy consumption, the injection pressure is generally reasonable at 8 MPa. According to the principle of seepage, capillary action, and diffusion movement of water in the coal body, it is suggested that, in the actual water injection process, high-pressure water injection (8 MPa) lower than the overburden pressure of the coalbed is used in the early stage to expand and communicate with the seepage channels of the coal pore fractures. In the later stage of coalbed water injection, if conditions permit, it is recommended to adopt low-flow and long-term low-pressure water injection (2 MPa) to enable capillary and diffusion movements of water in the coal body in order to achieve the optimum wetting effect.
Effect of Coalbed Porosity on Wetting Radius.
While keeping the borehole diameter (63 mm) unchanged and setting the water injection pressure as 8 MPa, five kinds of coalbed with different porosity(4%, 6%, 8%, 10%, and 12%) Mathematical Problems in Engineering are selected to simulate water injection for 10 hours to determine the relationship between porosity and wetting radius of the coalbed. e result of the calculation is shown in Figure 4 .
As seen from Figure 4(a) , when the water injection time is the same, the larger the porosity is, the smaller the wetting radius of the coalbed is. It is mainly because the greater the porosity of the coalbed, the larger the space occupied by its internal pore fractures and the greater the amount of water that a unit volume of coal can hold, resulting in a decrease in the wetting range at the same water injection time and injection pressure. Figure 4(b) shows the relationship between the borehole flow rate and the porosity of the coalbed, which demonstrates that the borehole flow rises with the porosity. According to the seepage theory of porous media, with the increase of porosity of the coalbed, the internal flow resistance of the coal body decreases and the borehole water flow rate boosts under the same water injection pressure. At the same water injection time, the larger the porosity is, the smaller the wetting radius of the coalbed is, but the larger the porosity is, the greater the total water injection and moisture content in the coalbed are and the moister the coal in the wet range is.
Effect of Bore Diameter on Wetting Radius.
e porosity and injection pressure of the coalbed are set as 4% and 8 MPa, respectively, and four commonly used borehole diameters (42 mm, 63 mm, 80 mm, and 108 mm) of the coalbed water injection are selected with 10 hours of water injection to investigate the influence of the borehole diameter on the wetting radius. e result of the calculation is shown in Figure 5 .
As described from Figure 5 , at the same water injection time, the larger the borehole diameter, the greater the wetness range of the coalbed. It is because when the pressure is the same, the larger the borehole diameter, the higher the borehole flow rate, the faster the moisture content of the coal body, and the greater the corresponding wetness range. It can also be seen from Figure 5 that, as the diameter of the borehole increases, the growth rate of the wetting radius becomes slower and the corresponding wetting radiuses for borehole diameters of 80 mm and 108 mm are very close, which demonstrates that after the borehole diameter reaches 80 mm, the diameter of the coalbed will not change significantly with the further increase in the diameter of the borehole. Figure 6 shows the water pressure distribution of the 4 types of borehole coalbed after water injection for 10 hours, which presents that, as the diameter of the borehole rises, the wetness range of the coalbed augments as well. By comparing Figures 6(c) and 6(d), it can be found that the range corresponding to the 3rd-level water pressure isoline (moisture increment of 1%) is equivalent, i.e., there is no significant difference in the wetting radius between the two. However, the range covered by the 7th-level pressure isoline (moisture increment of 3%) corresponding to the diameter of the large borehole is significantly greater than the diameter of the small borehole, which proves that the large-diameter borehole makes the wetting more adequate. Regarding the field construction of water injection boreholes in the coalbed, the larger the borehole diameter, the larger the construction quantities, and the greater the borehole maintenance intensity. Considering that no obvious increase in the wetting radius of the coalbed after the diameter of the borehole increases to a certain extent is observed, boreholes with a diameter of 80 mm are recommended on the site of coal mines.
Field Application of Coalbed Water Injection
Technology and Equipment of Coalbed Water Injection.
Chacheng Coal Mine is located in the east of Xuzhou Mining Area in Jiangsu Province and is a subordinate mine of Xuzhou Mining Group Co., Ltd. e designed production capacity of the mine is 600,000 tons per year. 92103 working face has an average coal thickness of 1.2 m, a strike length of 560 m, and an inclination of 125 m. It adopts an inclined long-wall mining method for ascending mining. e primary moisture of the working face coal body is 2.78%, the porosity is 4%, the water absorption rate is 1.8%, and the solidity coefficient is 5.8, which meets the standard for water-injectable coalbeds. e coalbed water injection this time adopts a long borehole water injection method. According to the coal thickness, the length of inclination, and the inclination of the coalbed, the borehole depth is designed to be 83 m. According to the mining speed of the working face, the crossover distance of coalbed water injection is designed to be 40 m. Moreover, based on the numerical simulation results and the actual conditions at the project site, a borehole with a diameter of 75 mm is selected. Numerical calculations show that the wetting radius of the coalbed is approximately 4.5 m when the borehole diameter is 80 mm and the borehole spacing is designed to be 8 m.
e water injection method for boreholes adopts the dynamic pressure water injection method, and the water injection pressure is selected as 8 MPa. Figure 7 is a schematic diagram of coalbed water injection layout on the working face. e ZDY-1250 hydraulic tunnel drilling machine is used for water injection in the coalbed, and the borehole diameter is 75 mm. e 5BZ-33/15 pulsed coalbed water injection pump is selected, and the water injection time is 120 h. An FKSS-63/4 type of hydraulic expansion sealer is used for sealing, and the sealing length is 1.5 m. In order to ensure the balanced flow of porous injection water, a ZF-III equivalent shunt valve is used and the error is ≤5%. e equipment used at the coalbed water injection site is shown in Figure 8 
Moist Effect of Coalbed Water Injection.
e moisture increment before and after water injection in the coalbed, that is, the degree of wetness of the coal body, is the main index that determines the effect of water injection and dust reduction in the coalbed. It is generally believed that a positive dust-reducing effect can be obtained when the moisture content of the coal body increases by 1%. After water injection in the coalbed of 92103 working face, borehole sampling will be used to test the total moisture in the coalbed. A hole is bored at 34, 35, 36, and 37 m away from the coal wall of the working face, respectively, with the borehole depth of 20 m and coal sampling every 5 meters of the drilling depth to measure the total moisture of the samples. e results are shown in Table 4 .
From Table 4 , it can be found that the moisture of the 4 coal samples corresponding to 1 # borehole does not change significantly with respect to the original moisture of the coal, demonstrating that the coal within this range has not been substantially wetted, i.e., the samples are not within the wetting radius. e moisture contents of coal samples corresponding to boreholes #2, #3, and #4 are higher than 3.78%, and the increment of moisture after water injection is 1%, which proves that the coal bodies near the boreholes are within the wetness range. In addition, the increase in the moisture content of the 2 # borehole coal sample is exactly 1%, indicating that the boundary of the wetness range is located near the 2 # hole, i.e., the wetting radius is about 5 m, which is basically the same as the result deduced by numerical simulation. From the above analysis, it is found that numerical simulation can be used to predict the wetness range of coalbed water infusion. e obtained results can provide guidance for the design of parameters such as borehole diameter, borehole spacing, and water injection pressure of coalbeds.
Dust Reduction Effect of Coalbed Eater Injection.
In order to test the effect of water injection and dust reduction in coalbeds, four dust measurement points were selected before and after water injection on the 92103 working face to determine the dust mass concentration. Each dust measurement point is measured three times for average. e four dust measuring points include the position of the coal cutter driver, the downwind position 20 m away from the coal cutter driver, the position of the support move worker, and the downwind position 20 m away from the support move worker.
e CCF-7000 direct-reading dust concentration analyzer is used at the measuring points to measure the dust concentration before and after water injection in the coalbed. e sampling time is set as 2 min, and the sampling flow rate is 15 L/min [51] [52] [53] [54] . e measured dust concentration at each measurement point before and after water injection is shown in Figure 9 .
From the measured data in Figure 9 , it can be seen that the coal body is effectively moistened due to water injection in the coalbed, which greatly reduces dust production during the coal mining process. Measured dust concentration of the coal cutter driver and the downwind side of the coal cutter are significantly improved compared to measurement before water injection, and the average dust reduction rate reaches 67.58%. In addition, part of the water in the water injection process penetrates into the permeable fracture of the coalbed, which results in a reduction in the amount of dust generated in the support move process, where the average dust reduction rate reaches 46.07%. After the coalbed water injection on the fully mechanized coal mining face, the effect Mathematical Problems in Engineering of dust reduction is significant, which helps to effectively reduce the dust concentration in the working face and improve the working environment.
Conclusions
In this study, the physical model and the mathematical model of coalbed water infection are established. On this basis, the effects of water injection time, injection pressure, borehole diameters, and coalbed porosity on wetting radius are investigated by Fluent computational fluid dynamics software. e field application of coalbed water injection further proves that the numerical simulation can predict the wetting radius more accurately. By analyzing the results of numerical simulation and engineering application, the main conclusion can be drawn as follows:
(1) With the increase of water injection time, the wetting radius expands continuously, but the rising rate decreases continuously, and no obvious change is observed after the wet radius reaches a certain extent. (2) e borehole water flow increases with the water injection pressure. In the same water injection time, the greater the water injection pressure is, the greater the range of coal wetness is. (3) e greater the porosity of the coalbed, the greater the space occupied by the internal pore fissure channels, the greater the amount of water that a unit volume of coal can hold, and the smaller the wetting range at the same water injection time and water injection pressure; the same water injection time, the greater the porosity of the coalbed, the greater the total water injection and the moisture increment in the coalbed, and the moister the coal body in the wet range. (4) When the injection pressure and water injection time are the same, the borehole water flow will increase with the borehole diameter and the wetness range of the coal body will increase as well. After the borehole diameter increases to a certain extent, no obvious increase in the wetting radius of the coalbed is shown. It is recommended that boreholes with a diameter of 80 mm be used on the coal mining site. (5) Numerical simulation can be used to predict the water injection range of coalbeds, and the results can provide guidance for onsite design of parameters such as the borehole diameter, borehole spacing and water injection pressure of coalbeds. e effect of water injection and dust reduction in the coalbed is significant. e average dust reduction efficiencies during coal cutting and support moving is 67.58% and 46.07%, respectively, thus effectively reducing the dust concentration at the working face and improving the working environment.
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